The aim of this paper was to relate anopheline mosquito longevity to malaria incidence in two areas in Indonesia: West Timor and Central Java. We estimated the physiological age of females captured landing on humans or resting inside and outside buildings. The estimate was based on the state of the ovaries and was used to estimate longevity. The results showed that there were large differences between the two areas surveyed. In West Timor the longevity of the anophelines ranged from 13 to 23 days, sufficient for completing the intrinsic incubation cycle and for malaria transmission, whereas in Central Java the longevity was only 3 days, insufficient both for incubation and for transmission. We concluded that the West Timor study area had a greater risk of malaria transmission than that of Central Java and this was supported by village survey data that showed greater malaria incidence in West Timor than in Central Java.
Introduction
Malaria is a life-threatening disease in Indonesia with an estimated 15 million cases and 42,000 deaths every year [1] [2] [3] . It is transmitted by infected Anopheles mosquitoes. Although there are 24 Anopheles species recorded throughout Indonesia [4] [5] [6] , not all are important in malaria transmission.
The most extensively occurring species of anopheline mosquitoes in Indonesia are An. sundaicus, An. subpictus, An. barbirostris, An. maculatus, An. aconitus, and An. bablabacensis, [5, 7] and all are implicated in malaria transmission.
Malaria transmission has a complex parasite life cycle which depends on both humans and mosquitoes [8] . In the mosquito, the malarial parasite (Plasmodium spp.) develops an exogenous sexual phase (sporogony cycle). When the sporozoites have developed, they make their way to the mosquito saliva glands, from which they are transmitted to humans via the mosquito bite. Malaria develops in a new cycle within the human host. An infective mosquito is a prerequisite for malaria transmission. It takes between 8 and 35 days to complete the parasite's life cycle in the mosquito host, depending on the condition of the environment and the species of malaria parasites [9] [10] [11] .
Takken et al. [5] highlighted important factors for mosquitoes to become malaria vectors. These include mosquito density, behavioural factors, and vectorial capacity. Behavioural characteristics include feeding habits, anthropophily or zoophily [12] ; house-frequenting resting habits, exophily or endophily [13] ; and site of feeding, endophagy or exophagy [12] . Vectorial capacity and the ability to transmit malaria is related to mosquito longevity and susceptibility to Plasmodium infection.
Previous research has addressed some of these factors: that is, the significant habitats and the dusk-to-dawn pattern of host-seeking activity of the main malaria vectors in West Timor and Java [14, 15] . The aim here was to explore a simple method of assessing the longevity, by age grading, of anopheline mosquitoes in West Timor and Central Java and relating this to vectorial capacity to help explain the different malaria incidences in the two areas.
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Methods

Study Areas and Malaria
Incidence. Figure 1 shows the study areas in West Timor and Central Java. Seven villages (five in West Timor and two in Central Java) were chosen to represent coastal plain, hilly, and highland areas [14] . The villages were selected also for their pattern of malaria as recorded and by the availability of local assistants and access constraints. Data from another part of the research showed a significant difference in malaria incidence between Central Java and West Timor [16] . In Central Java only 24% of 464 villages reported malaria cases between 2001 and 2006, whereas in West Timor all 701 villages reported malaria between 2003 and 2006. It also showed that Central Java was wetter than West Timor. For example, village data for 2005 shows a mean rainfall of 2867 mm (SD1019) for Central Java and 1839 mm (SD 325) for West Timor. This is referred to in Section 4.
Adult Mosquito Surveys.
Adult mosquito surveys were conducted fortnightly based on the human landing count method recommended by WHO [17, 18] . Table 1 provides details. Human landing collections were conducted indoors and outdoors between 18:00 and 06:00. Adult mosquitoes were caught when landing on human volunteers' bare legs or hands during the night as well as those resting on walls. Details are in [14] .
Mosquito Identification and Age-Grading Methods.
The mosquitoes were identified to species, followed by examination of the abdominal condition of females for age grading. The mosquitoes were identified using the Anopheles taxonomic and identification key to female Anophelines of Indonesia provided by the Indonesian Ministry of Health [4] .
Age grading was based on the mosquitoes physiological age [12, 19] . The physiological age was determined from inspecting its ovaries, based on the technique described by Warrell and Gilles [12, page 80] as follows.
(1) The fresh killed mosquito was placed on a microscope slide with a drop of distilled water surrounding the posterior part of the abdomen.
(2) On the sixth or seventh segment, a cut was made in the abdomen and the contents were pulled out gently.
(3) The ovaries were transferred to the slides with a small drop of water and they were left to dry.
(4) The ovaries were then studied under the microscope to determine whether they were nulliparous or parous. The nulliparous condition is indicated by the tightly coiled endings to the tracheoles (skeins) while the parous female has uncoiled endings.
The female mosquitoes that have taken a blood meal and have laid their eggs at least once are parous, while those that have not taken a blood meal and laid their eggs are nulliparous. The parity rate (PR) reflects the proportion of parous from the total number of ovaries dissected [12, 20] .
Mosquito Life Expectancy (Longevity).
Mosquito life expectancy or longevity was calculated using the formula proposed by Davidson [19] :
where is the natural logarithm of the constant 2.7183 and P is the probability of the vector surviving for 1 day. P is calculated from the following formula:
where gc is the Anopheles gonotrophic cycle: the time (days) needed by a female mosquito to complete the processing of egg development in the ovaries from the blood meal to the time when the fully developed eggs are laid [12, 19] . PR is the rate of parous mosquitoes. In this study, gc was 3 days, based on a study of the importance of An. leucosphyrus group mosquitoes as vectors of malaria and filariasis in relation to transmigration and forestry in Indonesia [21, 22] .
Results
Survey Summary.
A total of 37 mosquito surveys were conducted from June 2006 to March 2007: 25 in West Timor and 12 in Central Java. Table 2 shows the species and numbers caught. In West Timor, 1,626 mosquitoes were captured, giving an average of 65 mosquitoes per night or 4 mosquitoes per night per collector. There were six Anopheles species captured: An. aconitus, An. annularis, An. barbirostris, An. maculatus, An. subpictus, and An. vagus.
In Central Java, a total of 4,580 mosquitoes were collected during the surveys. The mosquito density was high with an average of 382 mosquitoes per night and 48 mosquitoes per night per collector. Nine Anopheles species were captured in Central Java: An. aconitus, An. annularis, An. flavirostris, An. kochi, An. maculatus, An. subpictus, An. tesselatus, and An. vagus.
Anopheles Parity Rate and Life Span.
The parity rate (PR) and longevity or life span were analysed for West Timor and Central Java. PR was used to estimate mosquito life expectancy based on the formula proposed by Davidson [19] . Since there was no direct observation of the gonotrophic cycle (gc) value, the mosquito life expectancy calculation used a gc value of 3 days as explained previously.
West Timor.
During the study, due to the small number of mosquitoes caught in some species, only three species, An. subpictus, An. barbirostris, and An. vagus, were used to calculate Anopheles life expectancy. The result is shown in Table 3 . The life expectancy or age of Anopheles spp. in West Timor was 23 days for An. subpictus, 21 days for An. vagus, and 13 days for An. barbirostris.
Central Java.
Because of the small number of mosquitoes captured in Central Java only two species were used to calculate life expectancy (days). Table 4 shows that the Anopheles age was only a little more than 3 days for both An. aconitus and An. vagus.
Discussion
Anopheles species Life
Expectancy. Not all mosquitoes can transmit malaria to humans for several reasons: they do not feed on humans, they are not susceptible to the malaria parasite, and their life spans are too short to allow parasites to fully mature (Oaks et al.) [23] . However there are other important factors (assuming that a mosquito has been exposed to infection) that affect risk of infection for humans. One is the dusk-to-dawn host-seeking behaviour of mosquitoes and how that interacts with human activities. The dusk-to-dawn mosquito behaviour patterns have been explored for the study areas and these data enhance the findings from the present study and are referred to as follows [15] .
In West Timor the average life expectancy of Anopheles spp. ranged from 13 to 20 days. Service and Towson [24] noted that the average duration life of female Anopheles in tropical areas is about 10-14 days and occasionally can reach 21 days [24] . Sandosham and Thomas also noted that the average life span of An. barbirostris under laboratory condition can reach 34 days [20] . In our research, of the three species with sufficient longevity for pathogen development, An. barbirostris was found inside dwellings and had peak activity during the night. This species thus poses a significant malaria risk during times when people are indoors and asleep. Bednets and indoor residual spraying would be a worthwhile strategy to control this mosquito species to reduce malaria risk. The other two West Timor species (An. subpictus and An. vagus) showed no preference for indoors or outdoors and their association with animal barns suggests that they may have zoophilic tendencies. To reduce exposure to these species human avoidance of outdoors at night would be a behavioural response to the risk, and source reduction may be a mosquito-control option.
In Central Java the life expectancy of the two Anopheles species was less than 4 days. This is in line with a recent study by Susanna [22] , also in Central Java, who found a life span of 3.19 days for An. aconitus and 3.27 days for An. barbirostris. Another explanation may be that mosquito control was very effective and had killed many adults so that the mosquitoes caught were a new generation. However this is not very likely in the present instance, given the resource limitations on mosquito control and as collections were made over a range of time. Both species either had no preference for indoors or outdoors and An. vagus again was found resting in animal barns, suggesting a degree of zoophily. Control of these may benefit from source reduction where practicable.
Since the parasite needs time to develop in a mosquito (8-35 days), the longer the mosquito life span, the more effective the mosquito becomes as a vector [10] . Therefore, based on their average age, the three vectors (An. subpictus, An. vagus, and An. barbirostris) in West Timor would be more effective and have more potential to transmit malaria than the Anopheles spp. in Central Java. This contributes to the explanation as to why the disease in West Timor has an uninterrupted malaria transmission during the year, which keeps the incidence high, as noted earlier. In addition Warrell and Gilles noted that high-parous-rate mosquitoes are more common in drier areas or in dry season conditions [12] . West Timor is drier than Central Java. This weather condition might contribute to the longer life span in West Timor than in Central Java of the Anopheles.
Finally the use of age grading may be a useful indicator for three reasons: (1) explaining the incidence of malaria; (2) assessing the potential risk of exposure to mosquitoes which may be infected with Plasmodium, and (3) helping to assess the effectiveness of mosquito control measures [25] , young mosquitoes potentially indicating effective control (but with some provisos referred to previously).
Conclusion
There were large differences between the two areas surveyed in terms of mosquito longevity and this is one of the major determinants of malaria transmission. The results indicate that West Timor has a more severe malaria transmission risk than the Central Java study area and this is supported by information from a household survey, that showed a higher number of malaria episodes among households in West Timor than that in Central Java [16] .
